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Occurrence and Fate of Pharmaceuticals and Personal
Care Products (PPCPs) in Biosolids

Kang Xia,* Alok Bhandari, Keshav Das, and Greg Pillar

ABSTRACT Sørensen, 2000; Daughton and Jones-Lepp, 2001; Sny-
der et al., 2003).Each year, large quantities of pharmaceuticals and personal care

Different from industrial chemicals and agriculturalproducts (PPCPs) are used worldwide. Once conveyed to wastewater
pesticides, many PPCPs and their biological metabolitestreatment plants, PPCPs can remain unchanged or undergo partial
are bioactive and are introduced into the environmentor complete transformation during wastewater treatment processes

before discharge into the environment via effluent and biosolids for on a continual basis due to the worldwide frequent usage
land application. Biosolids can be a major sink for some PPCPs. of PPCPs by humans or for animal husbandry (Daugh-
Previous investigations have indicated that land application of biosol- ton and Ternes, 1999). A variety of human use PPCPs are
ids may be a potential important route through which PPCPs enter discharged into wastewater treatment plants (WWTPs) via
the environment. However, no information is available on exactly excretion with urine and feces as parent compounds,
how closely the concentrations of PPCPs in the environmental media conjugated compounds, or metabolites, and through wash-are related to the land application of PPCP-containing biosolids. This

ing or direct disposal. A variety of PPCPs have been de-paper reviews currently available information on the occurrence of
tected at various concentrations in influents of WWTPsPPCPs in biosolids, methods of analysis, the potential fate of PPCPs
from different regions (Table 1). At WWTPs, PPCPsin biosolids-applied soils, and composting as a potential means for
can remain unchanged or undergo transformation dur-removal of PPCPs from biosolids.
ing the treatment processes before being discharged into
the environment via effluent and biosolids. The pharma-
ceuticals administrated for animal husbandry and theOver the last 40 years, efforts to understand the
biological transformation products are excreted withoccurrence, fate, and environmental effects of an-
urine and feces. The compounds can eventually enterthropogenic chemicals have largely focused on industrial
into the environment due to runoff and leaching fromcompounds and agricultural pesticides. The emphasis
feed lots and waste lagoons at confined animal feedingwas appropriate due to the chemicals’ large production,
operations or from agricultural land irrigated or fertil-concentrated usage, widespread occurrence in the envi-
ized with animal waste (Halling-Sørensen et al., 1998).ronment at high levels, persistence, and acutely toxic or

Removal of PPCPs from wastewater via treatment incarcinogenic effects. More recently, chemicals repre-
WWTPs can be substantial (30–90%) (Table 1). Whethersenting active ingredients in PPCPs have emerged as
this removal is due to solids partitioning or degradationenvironmental contaminants with potentially widespread
is generally not known. Some PPCPs (e.g., nonylphenol)environmental effects.
are not effectively degraded in WWTPs and accumulateA wide range of PPCPs has been detected in a variety
in biosolids that can subsequently be disposed of onof environmental samples at levels ranging from ng kg�1

land. There is limited information on the concentrationsup to g kg�1 (Halling-Sørensen et al., 1998; Daughton
of PPCPs in biosolids, resulting in a poor quantificationand Ternes, 1999; Kolpin et al., 2002). With the develop-
of the contribution of biosolids land application to thement of sophisticated and sensitive analytical instru-
occurrence of PPCPs in the environment. Due to thements, more and more PPCPs can be detected at trace
complex nature of biosolids, qualitative and quantitativelevels in the environment. Some of the detected PPCPs
analysis of PPCPs is challenging.in the environment exhibit negative hormonal and toxic

This paper reviews current information about the oc-effects on various organisms at concentrations as low
currence of PPCPs in biosolids, methods of analysis, theas �g kg�1 (Daughton and Ternes, 1999). However, the
potential fate of PPCPs in biosolids-applied soils, andenvironmental effects of many other PPCPs are not
treatments that may reduce the levels of PPCPs in bio-known. The concentrations, fate, and environmental ef-
solids before introduction to the environment throughfects of some PPCPs have been discussed in detail in a
land application.series of review articles (Halling-Sørensen et al., 1998;

Daughton and Ternes, 1999; Jørgensen and Halling-
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Table 1. Concentrations of some pharmaceuticals and personal care products (PPCPs) in wastewater treatment plant (WWTP) influents
and their percent decrease in effluents.

PPCP Influent concentration Decrease in effluent Reference

�g L�1 %
Acetylsalicylic acid 0.34 to 3.1 81 to 88 Ternes (1998), Heberer (2002)
Bezafibrate 1.2 to 5.3 27 to 83 Ternes (1998), Stumpf et al. (1999)
Caffeine 230 99.9 Heberer et al. (2002)
Carbamazepine 1.78 to 2.1 7 to 8 Ternes (1998), Heberer et al. (2002)
Ciprofloxacin 0.22 to 0.37 70 to 80 Alder et al. (2001)
Clofibric acid 0.46 to 1.2 0 to 51 Ternes (1998), Stumpf et al. (1999), Heberer et al. (2002)
Cyclophosphamide 0.007 to 0.143 0 to 94 Steger-Hartmann et al. (1997)
Diclofenac 0.035 to 3.02 �200 to 98 Ternes (1998), Stumpf et al. (1999), Heberer et al. (2001),

Heberer et al. (2002)
Dimethylaminophenazone 1.1 38 Ternes (1998)
17�-Ethinylestradiol 0.0002 to 0.013 �200 to 100 Ternes et al. (1999b), Baronti et al. (2000), Johnson et al. (2000)
Fenofibric acid 0.5 to 1.03 6 to 64 Ternes (1998), Stumpf et al. (1999)
Fragrances 0.3 to 154 80 to 100 Simonich et al. (2000)
Gemfibrozil 0.35 to 0.9 16 to 69 Ternes (1998), Stumpf et al. (1999)
Ibuprofen 0.3 to 4.1 90 Ternes (1998), Stumpf et al. (1999)
Indometacine 0.3 to 1.0 71 to 83 Ternes (1998), Stumpf et al. (1999)
Ketoprofen 0.6 48 to 69 Stumpf et al. (1999)
Metoprolol 6.5 83 Ternes (1998)
Naproxen 0.6 to 1.3 15 to 78 Ternes (1998), Stumpf et al. (1999)
Nonylphenol polyexthoxylates 1.6 to 986 40 to 100 Keller et al. (2003)
Phenazone 0.3 33 Ternes (1998)
Propranolol 8.9 96 Ternes (1998)
Triclosan 0.5 to 1.3 34 to 92 Lindström et al. (2002)

Table 2. The most commonly used prescription and over-the-counter pharmaceuticals in the United States.

Active compound CAS number log Kow† Brand name Use

Prescription drugs (top 10 prescribed in the United States in 2002) (RxList, 2004)
Hydrocodone 125-29-1 0.98–2.45 Hydrocodone w/APAP analgesic, antitussive, antipyretic
Acetaminophen 103-90-2 1.18–1.53
Atorvastatin 134523-00-5 0.12–3.67 Lipitor lipid-lowering agent
Atenolol 29122-68-7 0.23–1.37 Atenolol beta1-selective (cardioselective) adrenoreceptor

blocking agent
Levothyroxine 51-48-9 0.16–2.11 Synthroid thyroid hormones
Estrone 53-16-7 3.22–3.38 Premarin estrogens (female hormones)
Equilin 474-86-2 3.03–3.29
17�-Dihydroequilin 5965-19-5 6.21
17�-Estradiol 57-91-0 3.47–3.62
Equilenin 517-09-9 2.95–3.42
17�-Dihydroequilenin 6639-99-2 3.12–3.55
Azithromycin 83905-01-5 0.44–3.16 Zithromax antibiotic
Furosemide 54-31-9 1.96–2.96 Furosemide diuretic (treating hypertension, congestive heart

failure, and edema)
Amoxicillin 26787-78-0 water soluble Amoxicillin gram-positive and gram-negative bactericide
Amlodipine 88150-42-9 0.26–3.38 Norvasc treating high blood pressure and angina (diuretic)
Besylate 98-11-3 water soluble
Hydrochlorothiazide 58-93-5 1.27–1.34 Hydrochloro-thiazide diuretic and antihypertension

Common over-the-counter drugs (Arthritis Foundation, 2004; RxList, 2004)
Acetaminophen 103-90-2 1.18–1.56 Anacin, Excedrin, Panadol, Tylenol analgesic, anti-inflammatory
Ibuprofen 15687-27-1 0.82–3.40 Advil, Motrin IB, Nuprin anti-inflammatory, analgesic, antipyretic
Aspirin 50-78-2 1.39–2.02 Anacin, Ascriptin, Bayer, Bufferin, analgesic, anti-inflammatory

Ecotrin, Excedrin tablets
Dextromethorphan 125-71-3 0.61–3.65 Benylin cough syrup relieves cough
Diphenhydramine 58-73-1 0.27–3.34 Benadryl antihistamine, cold and cough medicine
Loratadine 79794-75-5 4.56–4.77 Claritin antihistamine
Omeprazole 73590-58-6 1.39–2.35 Prilosec treating heartburn

† Octanol–water partition coefficient.

U.S. dollars (German Association of Research-Based mostly for pain relief, cold and flu, allergy, etc. (Harris
Interactive, 2002).Pharmaceutical Companies, 2004). In 2002, about 51%

of the worldwide pharmaceutical sales were in the Most pharmaceuticals are designed to be nonbioaccu-
mulative and eliminated from human or animal bodyUnited States and Canada, 25% were in Europe, 12%

were in Japan, 8% were in Africa, Asia, and Australia shortly after administration. Once administrated, metabo-
lism of a pharmaceutical generally introduces hydrophilic(not including Japan), and 4% were in Latin America

(European Federation of Pharmaceutical Industries and functionalities onto the pharmaceutical molecule to facili-
tate excretion with urine and/or feces (Katzung, 2001).Associations, 2003). Table 2 lists some of the most widely

used pharmaceuticals in the United States. About 60% of In addition to pharmaceutical compounds, large quanti-
ties of personal care products, such as food supplements,the pharmaceuticals used in the United States are over-

the-counter nonprescription drugs (Madhavan, 1994), fragrances, skin care and hair care products, insect repel-
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Table 3. Common additives in some personal care products.

Additive compound CAS number log Kow† Characteristics

Fragrances
Musk ketone 81-14-1 3.48 Distribution of the use of synthetic musks in personal care products:
Musk xylene 81-15-2 3.46 candles, air fresheners, and aroma therapy � 41%, perfumes,
Galaxolide (HHCB) 1222-05-5 4.60 cosmetics, and toiletries � 25%, soaps, shampoos, and detergents �
Tonalide (AHTN) 21145-77-7 4.84 34% (Fragranced Products Information Network, 2004).
Phantolide (AHMI) 15323-35-0 4.53
Traseolide (ATII) 68857-95-4 4.72
Celestolide (ADBI) 13171-00-1 4.37
Cashmeran (DPMI) 33704-61-9 4.84

Flame retardants
Tetrabromobisphenol A 79-94-7 0.39–5.34 Used as additive in flexible polyurethane foam, in textile coatings and
Polybrominated diphenylether log Kow � 5.74, log Kow � coatings for furniture, and in plastics for electrical and electronic

(commercial available PBDEs primarily 0.621(Br) � 4.12 equipment, wire, and cable insulation and electrical connectors,
consist of penta-, octa-, deca-PBDE) (Braekevelt et al., 2003) automobiles, and construction and building materials (Bromine

Polybrominated biphenyl �4.0 Science and Environmental Forum, 2004). The current estimated
Pentabromochlorocyclohexane 87-84-3 4.01 worldwide growth for flame retardants is 4% per year. Distribution
Hexabromocyclodocdecane 23774-70-1 4.98 of the 1.14 million Mg global consumption of flame retardants in
Pentabromotoluene 87-83-2 4.57 1998: Al-, Mg-, and N-based � 56%, Br-based � 23%, P-based �
Tetrabromophtalic anhydride 632-79-1 3.17 15%, Cl-based � 6% (Clariant, 2004). Worldwide market demand
Tris(2,3-dibromopropyl)phosphate 126-72-7 �4.0 for PBDEs in 2001 was 67 440 Mg, 83% of which was in the Americas

(Hites, 2004).
Disinfectants, antiseptics, and pesticides

Triclosan (2,4,4�-trichloro-2�-hydroxy 3380-34-5 2.39–4.54 Bactericide added in detergents, dishwashing detergents, laundry
diphenyl ether) soaps, deodorants, cosmetics, lotions, creams, toothpastes and mouth-

washes, footwear, and plastic wear. It interferes with an enzyme crucial
to the growth of bacteria (Bhargava and Leonard, 1996).

Biphenylol 90-43-7 2.67–2.98 Bactericide and virucide added in dishwashing detergents, soaps, gen-
eral surface disinfectants in hospitals, nursing homes, veterinary
hospitals, commercial laundries, barbershops, and food processing
plants. It is used to sterilize hospital and veterinary equipment
(National Library of Medicine Specialized Information Services,
2004).

Chlorophene 120-32-1 3.37–3.78 Bactericide and fungicide added in disinfectant solutions and soaps
(National Library of Medicine Specialized Information Services,
2004).

DEET (N,N-diethyltoluamide) 134-62-3 2.44 Pesticide added in insect repellant (National Library of Medicine
Specialized Information Services, 2004).

Butylparaben (alkyl-p-hydroxy- 94-26-8 1.49–3.26 Fungicide added in cosmetics, toiletries, and food (National Library
benzoates) of Medicine Specialized Information Services, 2004).

Surfactants
Alkylphenol polyethoxylates (usually �4.5 Nonionic surfactants added in detergents (National Library of Medi-

branched nonyl or octyl; ethoxylate cine Specialized Information Services, 2004).
units � 1–20)

Sodium dodecylbenzenesulfonate 25155-30-0 water soluble Ionic surfactants added in detergents (National Library of Medicine
Specialized Information Services, 2004).

Benzalkonium chloride 8001-54-5 water soluble Ionic surfactants added in detergents, preservative and disinfectant
in contact lens solutions (National Library of Medicine Specialized
Information Services, 2004).

† Octanol–water partition coefficient.

lents, cleaning products, and flame retardants are pro- Many PPCPs are detected at wide concentration ranges
in a variety of environmental samples (Halling-Sørensenduced and sold in large quantities worldwide each year

(Table 3). Synthetic musks, for example, are a group et al., 1998; Daughton and Ternes, 1999; Kolpin et al.,
2002; Guenther et al., 2002; Snyder et al., 2003; Richard-of chemicals used as fragrances in many personal care

products, such as soap, perfumes, detergents, shampoos, son, 2003) and in animal tissues, human blood, and
breast milk samples (Rimkus et al., 1994, 1999; Snyderand other personal care products. Nitro musks and poly-

cyclic musks are the most commonly used synthetic et al., 2001; Adolfsson-Erici et al., 2002; Hites, 2004).
Many of PPCPs exhibit negative hormonal and toxicmusks, and worldwide production in 1996 was 7600 Mg

(Rimkus et al., 1999; Rimkus, 1999). One of the polycy- effects on numerous organisms (Daughton and Ternes,
1999; Zerulla et al., 2002; Jjemba, 2002; Legler andclic musks, galaxolide (1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-

hexamethylcyclopenta[g]-2-benzopyran, HHCB), is in- Brouwer, 2003; Wilson et al., 2003). However, limited
information is available on the effects of PPCPs on soilcluded in the USEPA’s list of high production volume

(HPV) chemicals (those that are produced in or im- biota and plants. Jjemba (2002) prepared a list of PPCP
compounds reported to be phytotoxic to certain plants.ported into the United States at �450 Mg yr�1). Simi-

larly, nonionic surfactants such as alkylphenol polyeth- The reported phytotoxic concentrations in the growth
medium ranged from 0.05 to 400 mg kg�1 depending onoxylates (APnEOs) are widely used in many personal

care products (Thiele et al., 1997). More than 200 000 plant species and the growth medium used. Fox et al.
(2001, 2004) demonstrated that phytoestrogen signalingMg yr�1 APnEOs, almost half of the world’s annual

production, were produced in the United States (United and symbiotic gene activation during plant–bacterial sym-
biosis can be disrupted by many endocrine-disruptingStates International Trade Commission, 1995).
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chemicals, including nonylphenol (NP). Research by ibuprofen (CA-Ibu) were detected in the influents at con-
centrations about 1.5 times higher than that of the par-Gejlsbjerg et al. (2001) and Kollmann et al. (2003) failed

to demonstrate negative effects of NP on bacterial deni- ent compounds. However, much smaller concentrations
(6–105 ng L�1) of carboxyhydratropic acid (CA-HA),trification, nitrification, aerobic respiration, and fungi

activity in biosolids-amended soil. another metabolite of ibuprofen, were detected in the
same influent samples. Aerobic laboratory results of theEffluents of WWTPs are the most direct sources of

PPCP contaminants to waterways (Halling-Sørensen et WWTP influent mixed with activated sludge indicated
a rapid disappearance of these compounds from theal., 1998; Calamari et al., 2003; Kolpin et al., 2004).

However, PPCPs associated with land-applied biosolids liquid phase, to �1 to 3% of the original levels within
8 h. The authors suggested that no sorption of the testcan mobilize in soil and leach to ground water or enter

surface water through runoff (Jjemba, 2002; Golet et compounds by the sludge occurred during the incuba-
tion, but no experimental evidence was provided for thisal., 2003; Yang and Carlson, 2003; Pedersen et al., 2003).
assertion. Laboratory incubation studies using batch re-
actors with activated sludge and synthetic wastewaterFATE AND BEHAVIOR OF
(Zwiener et al., 2002) indicated that �10% of ibuprofenPHARMACEUTICALS AND PERSONAL
was degraded to OH-Ibu, CA-HA, and CA-Ibu withinCARE PRODUCTS DURING
50 h. A greater ibuprofen concentration (177 �g L�1)WASTEWATER TREATMENT PROCESSES
was used by Zwiener et al. (2002) than by Buser et

The average daily quantity of wastewater generated al. (1999). The major metabolites of oxic and anoxic
per capita in the United States is about 450 L (120 degradations of ibuprofen were OH-Ibu and CA-HA,
gallons), and contains approximately 240 mg L�1 sus- respectively, but CA-Ibu occurred under both oxic and
pended solids (Hammer and Hammer, 2001). More than anoxic conditions. No further significant degradation of
80% of the suspended solids is organic matter. Typically, these three metabolites was observed (Zwiener et al.,
the larger the organic input to the WWTP, the greater 2002). They suggested that remaining 90% of the ibu-
is the amount of sewage sludge produced at the facility. profen that disappeared from the liquid phase of the
Sewage sludge is digested through biological, chemical, reactors may have been sorbed by the sludge, partially
and physical processes before it is dewatered to produce degraded to other metabolites, or completely degraded.
biosolids. A typical WWTP produces about 240 kg of It was observed that the efficiency of elimination of
dry biosolids per million liters of wastewater treated ibuprofen from biofilm reactors decreased with increas-
(Metcalf and Eddy, 1991). ing initial ibuprofen concentration.

The active ingredient of contraceptive pills, 17�-ethi-
Transformation of Pharmaceuticals and nylestradiol, is eliminated from the human body as con-

Personal Care Products during Wastewater jugates with glucuronic acid and sulfate (Ranny, 1977).
Treatment Processes Once discharged into WWTPs, these conjugates cleave

fairly rapidly in contact with the microorganisms in acti-The transformation of PPCPs in WWTPs varies with
vated sludge to release 17�-ethinylestradiol, which iscompound physicochemical properties and wastewater
stable under aerobic conditions of an activated sludgetreatment conditions. During the wastewater treatment
process (Ternes et al., 1999a). This conceptualizationprocesses, the parent PPCPs, conjugates, and metabo-
may explain why the concentration of 17�-ethinyles-lites may be (i) completely transformed to CO2, (ii) par-
tradiol in the effluent of a German WWTP was detectedtially transformed producing metabolites, or (iii) un-
at a level almost twice as great as in the influent (Terneschanged (Jørgensen and Halling-Sørensen, 2000). Few
et al., 1999b). Compared with other steroidal hormones,studies have traced the fate of PPCPs during wastewater
17�-ethinylestradiol degradation in an undiluted mixedtreatment processes. Most published work consists of
sewage liquor was only 20% over 24 h, whereas 75%laboratory incubation studies using biofilm reactors and
of 17	-estradiol, a natural hormone, mineralized overbatch reactors with activated sludge at room tempera-
24 h (Layton et al., 2000).ture (20–25
C). Studies conducted in laboratories may

Diatrizoate incubated with fresh activated sludge forover- or underestimate transformation rates of PPCPs
2 wk was not degraded, whereas 85% of iopromide wasin WWTPs because temperature conditions in many
transformed into two metabolites within 54 h (Kalsch,WWTPs may be higher or lower than that simulated in
1999). Both diatrizoate and iopromide are widely usedthe laboratory (Metcalf and Eddy, 1991). In addition,
X-ray contrast media for detailed images of soft tissuesmany operating conditions in WWTPs are difficult to
in X-ray radiography. Cyclophosphamide, one of thesimulate in the laboratory.
most frequently used agents in cancer chemotherapy,Destruction of PPCPs in wastewater has been looked
exhibited poor degradability during 30-d batch incuba-at only recently and the results have been variable. Dis-
tion with activated sludge (Steger-Hartmann et al., 1997).cussion on four examples is presented below for ibupro-

Large volumes of wastewater (up to hundreds millionfen, 17�-ethinylestradiol, diatrizoate, and cyclophos-
liters) in a typical WWTP must be treated every dayphamide together with the breakdown products.
and the average wastewater retention time (hydraulicThe pain reliever ibuprofen (Table 2) was detected
retention time) in a WWTP varies from �1 h to a fewin the influents of several Switzerland WWTPs at con-
days. Explaining the wastewater treatment process fur-centrations of 1 to 3.3 �g L�1 (Buser et al., 1999). Its

metabolites, hydroxyibuprofen (OH-Ibu) and carboxy- ther is beyond the scope of the paper and standard texts
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in the field are available for review (e.g., Metcalf and
Eddy, 1991; Hammer and Hammer, 2001). Hydraulic re-
tention time frames are generally shorter than the deg-
radation half-lives of many PPCPs that enter WWTPs
(Halling-Sørensen et al., 1998), resulting in discharge of
some relatively soluble PPCPs in effluent before degra-
dation can occur.

Most studies on the fate of contaminants during WWTP
processes have focused on the concentrations of target
compounds in effluent discharged to the environment.
A WWTP is considered to have efficient removal if there
is a significant concentration reduction for the com-
pound of interest in effluent compared with concentra-
tions in influent (Simonich et al., 2002). This concentra-
tion reduction in effluent may be due to sorption of
the target compounds to the solid phase, rather than
degradation in the solution phase (Keller et al., 2003;
Golet et al., 2003).

Fig. 1. Experimental correlation between octanol–water partition co-Occurrence of Pharmaceuticals and Personal
efficient (Kow) of some chlorinated organic compounds and theirCare Products in Biosolids partition coefficients (Kp) for sewage sludge (based on weight of
organic matter in the sludge solid phase). Vertical dotted linesCompared with the hydraulic retention time of the
indicate the boundary for sorption tendency of organic compoundsliquid phase, the residence time of biological solids on the sludge solid phase (data adopted from Dobbs et al., 1989;

(mean cell residence time) in a WWTP system is much Rogers, 1996, with permission).
greater, ranging from a few days up to 30 d, due to
repeated recycling of biological growths and extracted

values for the compounds used by Wang et al. (1993)waste organic matter from one treatment reactor to
were similar to that used by Dobbs et al. (1989) (Fig. 1).another (Hammer and Hammer, 2001). However, even

Although little research has been found on the sorp-this residence time is shorter than the half-lives of some
tion of PPCPs on the sludge solid phase during waste-PPCPs (Halling-Sørensen et al., 1998). More impor-
water treatment processes, the relationship between PPCPtantly, during the wastewater treatment processes, PPCP
sorption on the sludge solid phase and compound Kowmolecules can move into microsites within the solid
values can be expected to be similar as that indicatedphase matrix (an “aging” process), and the biodegrad-
in Fig. 1. As shown in Tables 2 and 3, many PPCPs haveability of organic compounds can be reduced signifi-
Kow values in the range of medium to high tendency forcantly (Hatzinger and Alexander, 1995; Kelsey et al.,
sorption on the sludge solid phase (Fig. 1). The sorption1997; Nam et al., 1998; Alexander, 2000). Sequestration
mechanisms proposed by Wang et al. (1993) for toxicinto microsites of the solid phase can slow or stop micro-
organic compounds in the sludge solid phase should alsobial degradation if the molecules are inaccessible to
apply to the PPCPs with similar Kow values. Previousmicroorganisms or extracellular enzymes. Diffusion of
laboratory and full-scale wastewater treatment studiessequestered molecules out of the microsites in the solid
suggest that sorption to sewage sludge is the main re-phase can be extremely slow (Hatzinger and Alexan-
moval process for some PPCPs from the wastewaterder, 1997).
stream (Kümmerer et al., 2000; Golet et al., 2003; KellerDuring wastewater treatment, PPCP and metabolite
et al., 2003).compounds partition into the solid phase depending

There is limited information on levels of PPCPs inon compound hydrophobicity, which is related to the
biosolids. Fragrances have been detected at levels rang-compound octanol–water partition coefficient (Kow).
ing from 1.5 to 147 �g kg�1 (dry mass) in biosolids fromThe greater the Kow of a compound, the more hydropho-
the United States, Switzerland, and the Netherlandsbic it is. Dobbs et al. (1989) found that the sorption
(Berset et al., 2000; Difrancesco et al., 2004). Nonylphe-of certain chlorinated organic compounds on primary,
nol polyexthoxylates (NPnEOs) and nonylphenol (NP),mixed-liquor, and digested solids from municipal waste-
a metabolite of NPnEOs, have been detected at concen-water treatment plants correlated positively with their
trations as high as 981 mg kg�1 (dry mass) and 1380 mglog Kow, ranging from 1.26 to 5.48 (Fig. 1).
kg�1 (dry mass), respectively, in biosolids from manyThe organic matter contents of sludge solid phases
U.S. states (La Guardia et al., 2001; Keller et al., 2003;vary from 40 to 85% on dry-weight basis, resulting in
Xia and Pillar, 2003). Brominated diphenylethers, com-large surface areas (0.82–1.66 m2 g�1) (Strachan et al.,
monly used fire retardants, have been detected at 32 to1983; Wang et al., 1993). Wang et al. (1993) proposed
4890 �g kg�1 (dry mass) in biosolids from severala two-stage mechanism for sorption of toxic organic
WWTPs in the United States and the Netherlands (Halecompounds on the sludge solid phase: initial adsorption
et al., 2001; De Boer et al., 2003). Golet et al. (2002)on the surface of the sludge, followed by partitioning

into the interior of the sludge biomass. The log Kow detected 1.4 to 2.4 mg kg�1 (dry mass) of fluoroquino-
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lone antibacterial agents in biosolids samples from Swit- mental fate of PPCPs in biosolids before the occurrence
of detrimental effects to the environment.zerland.

Approximately 6.9 million dry Mg of biosolids were
generated in the United States in 1998, and production is ANALYTICAL METHODS FORestimated to reach 8.2 million dry Mg by 2010 (USEPA, PHARMACEUTICALS AND1999). Methods for disposal of biosolids include landfill, PERSONAL CARE PRODUCTS INincineration, and land application. By 2010, 48% of bio- ENVIRONMENTAL SAMPLESsolids are predicted to be land-applied (USEPA, 1999).
Land application of biosolids, containing contaminants Numerous PPCPs have been detected at concentra-

tions as low as in the ng L�1 range in a variety of environ-sorbed to biosolids, may concentrate in soil over time,
providing a reservoir of pollutants that could eventually mental samples including surface water, ground water,

drinking water, and sediments samples. Several reviewenter waterways through leaching and runoff. Hence,
there is a need to evaluate the presence and environ- papers on analytical methods for PPCPs in water and

Fig. 2. General procedures for pharmaceuticals and personal care products (PPCPs) analysis in sediment samples. A summary of methods is cited
in Table 4. GC, gas chromatography; HPLC, high performance liquid chromatography; IC, ion chromatography; LC, liquid chromatography; MS,
mass spectrometry.
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sediment samples have been published (Simonich et al., multiple solvents can be used for ASE to extract com-
pounds with varying hydrophobicities. A combination2000; Golet et al., 2001; Öllers et al., 2001; Petrović et

al., 2001; Sacher et al., 2001; Ternes, 2001; Hyötyläinen of adsorbents is packed in an open column before an
extractant is passed through for cleanup. The most com-and Hartonen, 2002; Patterson et al., 2002), but there

is limited information on methods for PPCPs analysis monly used packing materials are modified silica, Flori-
sil, alumina, and different types of carbon. Once inter-in biosolids (La Guardia et al., 2001; Golet et al., 2002;

Patterson et al., 2002). The published methods on water ferences from the matrix are removed through cleanup
steps, the sample is normally dried down and redissolvedand sediment samples can be a good foundation for

biosolids method development. in a smaller volume of solvent to increase the concentra-
tion of the target compounds. Compounds in the con-Figures 2 and 3 illustrate the general procedures for

extraction, cleanup, concentration, and analysis for sedi- centrated samples are then identified and quantified
using a variety of instruments. Liquid chromatography–ment and water samples. Among all the extraction meth-

ods for sediments, accelerated solvent extraction (ASE) mass spectrometry (LC–MS, LC–MS–MS) and gas chro-
matography–mass spectrometry (GC–MS, GC–MS–MS)is the most robust. It is operated under high pressure

and at a temperature that can be programmed to the are the most powerful tools because of their identifica-
tion capabilities and high sensitivities. More specific pro-optimum temperature for extraction, resulting in effi-

cient and rapid extractions using a small volume of sol- cedure requirements for selected PPCPs are listed in
Table 4.vent (Richter et al., 1996). In addition, a gradient of

Fig. 3. General procedures for pharmaceuticals and personal care products (PPCPs) analysis in water samples. A summary of methods is cited
in Table 4. GC, gas chromatography; HPLC, high performance liquid chromatography; IC, ion chromatography; LC, liquid chromatography;
MS, mass spectrometry.
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FATE OF PHARMACEUTICALS AND Difrancesco et al. (2004) observed rapid dissipation
of 22 fragrance compounds 3 mo after being spiked inPERSONAL CARE PRODUCTS

IN BIOSOLIDS AND BIOSOLIDS- biosolids-amended soils. Complete dissipation for most
of the tested compounds, except musk ketone andAMENDED SOILS
AHTN, was observed within the 1-yr die-away experi-Fate of Pharmaceuticals and Personal Care
ment, using soils with a wide range of textures andProducts in Biosolids-Amended Soils
organic matter contents. A laboratory batch study con-

Land application of PPCP-containing biosolids can ducted by Kreuzig et al. (2003) suggested that the abiotic
provide important routes through which the residual transformation of diclofenac in a clayey silty soil and a
PPCPs enter the environment. The potential for surface silty sandy soil was dominated by the formation of non-
runoff and leaching can affect PPCP transport into sur- extractable residues and that photo-induced degrada-
face and ground water. The decay curves shown in Fig. 4 tion less relevant. Both soils were not amended with
were used by Beck et al. (1996) to describe five possible biosolids. Matscheko et al. (2002) investigated the levels
fates for organic chemicals, such as chlorinated ben- of polybrominated diphenylethers (PBDEs) in lands
zenes, polychlorinated dibenzo-p-dioxins, polychlori- that received biosolids application. Elevated levels of
nated benzenes, and polyaromatic hydrocarbons in bio- PBDEs were detected in all the biosolids-amended soils,
solids-amended soils. The same fates may also apply to compared with background levels. Twenty years after
biosolids-associated PPCPs, which exhibit a wide range application of biosolids at 25 Mg ha�1 yr�1 for four
of hydrophobicity (Tables 2 and 3). To date, there is consecutive years, the concentration of total PBDEs
limited information on the fate and transport of PPCPs was 840 �g kg�1, almost 8000 times the background
in biosolids-amended soil. level in the area. The concentrations of the tested com-

Hesselsøe et al. (2001) demonstrated that the aggre- pounds in the biosolids applied were not provided by
gate size of biosolids affects oxygen availability and, the authors. Significant accumulation of PBDEs in
therefore, the aerobic transformation of organic contami- earthworms of the sites was also observed. This study
nants such as nonylphenol (NP) in biosolids-amended suggests that PBDEs are persistent in the soil environ-
soils. Degradation of NP was complete within 38 d in ment, perhaps mainly due to the compound’s high hydro-
homogenous mixtures of soil and biosolids aggregates, phobicity (Table 3).
but was retarded to more than 120 d in nonhomoge- Insignificant mineralization (approximately 0.49–
neous mixtures. A laboratory study by Xia and Jeong 0.58%) of sarafloxacin, a fluoroquinolone antibiotic,
(2004) demonstrated a 55% reduction of NP in surface- was observed in a loam soil, a silt loam soil, and a sandy
applied biosolids within 30 d of light exposure. The data loam soil after 80 d incubation under aerobic conditions
suggest that sensitized photolysis reactions may play (Marengo et al., 1997). Biosolids were not applied to
important roles in degrading NP in surface-applied bio- those soils. Marengo et al. (1997) concluded that the
solids. Söderström et al. (2004) observed that decabro- minimal mineralization may have been due to strong
modiphenyl ether, a flame retardant, was debrominated binding of sarafloxacin to the soil and the consequent
photolytically in a soil matrix to form lower brominated nonavailability to soil microorganisms. Colucci and
bromodiphenyl ether compounds that were more resis- Topp (2001) observed rapid microbial-mediated dissipa-
tant to photolytic degradation and more bioaccumula- tion of 17�-ethinylestradiol under aerobic condition in
tive. The half-life of photodegradation of decabromodi- soils varying widely in texture and properties. The 17�-
phenyl ether in soil was estimated to be between 150 ethinylestradiol dissipated to below the detection limit
to 200 h. (50 �g kg�1) within 22 d of incubation. The 17�-ethinyl-

estradiol (log Kow � 3.8) is much more hydrophobic
than sarafloxacin (log Kow � 0.49).

Tolls (2001) determined the sorption of a variety of
veterinary pharmaceuticals with log Kow ranging from
�2.34 to 3.5 in soils without biosolids amendment. The
sorption coefficients to soils varied from 0.2 to 6000 L
kg�1, demonstrating that these chemicals display a wide
range of mobility. The author suggested that mecha-
nisms in addition to hydrophobic portioning played a
significant role in sorption of the tested compounds in
soils. For the highly hydrophilic compounds, ion ex-
change, ion bridging at clay surfaces, surface complex-
ation, and hydrogen bonding appeared to be involved
in their sorption in soils. Inevitably, those reactions areFig. 4. Conceptual trend for the persistence of organic chemicals in
largely affected by soil pH, soil mineral composition,biosolids-amended soils. Curve A is for compounds that are volatile,

water soluble, or easily degraded; Curves B and C are for com- and soil solution chemistry. Tolls (2001) proposed that
pounds with intermediate sorption potential on biosolids; Curve D instead of merely considering the contribution of hydro-
is for compounds whose initial degradation is rate-limited because phobic partitioning to sorption in soils, a conceptuallythe microbial population has not acclimated to the compounds; and

more complete representation of sorption of pharma-Curve E is for compounds that are nonvolatile, relatively water
insoluble, and recalcitrant (Beck et al., 1996, with permission). ceutical compounds should be adopted.
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There have been few investigations on the mobility identified by Pedersen et al. (2003) in surface runoff
and transport of PPCPs in soils, especially biosolids- from agricultural fields irrigated with disinfected ter-
amended soils. Rabølle and Spliid (2000) reported that tiary recycled water or wastewater effluent-dominated
the weakly adsorbing olaquindox (an antibiotic, log stream water.
Kow � 0.11) completely leached through soil columns,
whereas the stronger-adsorbing antibiotic tylosin (log Removal of Pharmaceuticals and Personal Care
Kow � 3.14) was retained in different depths depending Products in Biosolids through Composting
on the soil properties. Boxall et al. (2002) observed

The safest approach to avoid potential detrimentalthat sulfachloropyridazine, an ionic antibiotic with low
effects of biosolids-associated PPCPs to the environ-sorption coefficients (0.9–1.8 L kg�1), was rapidly trans-
ment is to ensure that the compounds are adequatelyported to surface waters after application to land. Thiele-
degraded before biosolids land application. CompostingBruhn (2003) suggested that fast leaching through soils
has been used as an effective means to degrade xeno-by macropore or preferential transport facilitated by
biotic organic contaminants such as pesticides, polycy-dissolved soil colloids was the major transport process
clic aromatic hydrocarbons (PAHs), polychlorinated bi-for strongly sorbed PPCPs. Surface runoff from lands
phenyls (PCBs), trinitrotoluene (TNT), and perchloratemay also contribute to widespread detection of PPCPs

in the water environment. A variety of PPCPs were (Williams and Keehan, 1993; Rao et al., 1995; Wallace

Fig. 5. Concentrations of nonylphenol (NP) in biosolids and composts from 13 wastewater treatment plants (WWTPs) in Georgia, South Carolina,
and Kansas. The numbers indicate the WWTPs listed in the table below the graph. b, Biosolids; c, compost; c-3mo, biosolids composted for
3 months; c-12mo, biosolids composted for 12 months; nd, not detectable (Xia and Pillar, 2003).
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et al., 1998; Büyüksönmez et al., 1999; Weed et al., 1999). 25
C and an additional 55 d was required to degrade
�90% NP. Lower biosolids to wood shaving ratios ap-Composting may accelerate the degradation of organic

contaminants due to their exposure to high microbial pear to favor higher NP degradation rates. High temper-
atures can significantly hasten NP degradation duringdiversity and activity (especially thermophilic organ-

isms), abundant substrates, high temperature, changing composting, but composting for longer times at lower
temperatures can yield similar results. The data suggestpH, and successive shifts in aerobic and anaerobic condi-

tions in microenvironments within a composting system that composting can effectively remove certain PPCPs
in biosolids. More studies are needed to monitor the(Büyüksönmez et al., 1999; Barker and Bryson, 2002).

Results from a recent investigation of 13 WWTPs in effects of compositing on the degradation of other
PPCPs in biosolids and to determine the most effectivethree U.S. states showed significantly lower concentra-

tions of NP (65–100% less) in composted biosolids than composting treatment parameters.
in fresh biosolids (Fig. 5). A pilot laboratory-controlled
composting study (Fig. 6) provided further evidence CONCLUSIONSthat NP can be effectively degraded during composting.
Biosolids initially containing approximately 450 mg kg�1 The continued growth in human population has cre-

ated an increase in generation of biosolids, the end prod-NP was mixed with wood shavings at dry weight ratios
of 43:57, 65:35, and 84:16. The mixtures were then incu- uct of wastewater treatment plants. The annual produc-

tion of biosolids in the United States is projected tobated aerobically at 25, 45, and 65
C with the moisture
content maintained at 65% for up to 70 d. A tempera- increase sharply to 8.2 million dry Mg within the next

decade (USEPA, 1999). Land application is becomingture between 45 and 65
C is ideal for thermophilic mi-
croorganisms, while 25
C is an ideal temperature for a major means for biosolids disposal because of its bene-

ficial effects on agricultural productivity of soils. Disposalmesophilic microorganisms (Büyüksönmez et al., 1999).
In all treatments, a rapid degradation of NP occurred of biosolids on agricultural fields recycles the nutrients

captured from municipal wastewater into agriculturalwithin 15 d of incubation, with a maximum removal rate
of 80%. Temperature significantly affected NP degrada- soils, providing valuable nutrients for plants. However,

the potential environmental effects of biosolids landtion at early stage of incubation. For compost with a
biosolids to wood shavings ratio of 43:57, 6 d of incuba- application have been a much-debated environmental

issue, especially regarding the unknown effects of PPCPstion at 65
C resulted in a 76% NP reduction, whereas
41% of NP was degraded at 45
C during the same period. in biosolids.

Biosolids often serve as a sink for PPCPs and theirAt 25
C, only 7 and 22% of NP was degraded after an 8-d
incubation for treatments with biosolids to wood shavings partial metabolites that are not completely degraded

during wastewater treatment processes. Research hasratios of 84:16 and 65:35, respectively. After incubation
for 15 d, no significant difference was observed for NP shown a positive relationship between a compound’s

hydrophobicity and its sorption on biosolids. Althoughdegradation between composts treated at 45 and 65
C.
For both treatments, approximately 80% of NP was PPCPs, such as fragrances, flame retardants, surfactants,

and their metabolites, have been detected in biosolids,degraded at Day 15 and approximately 92% of NP was
degraded at Day 43. However, at 25
C, the NP degrada- there is limited information on the occurrence of many

other PPCPs in biosolids. This lack of information istion rate was much slower compared with the treatments
at the two higher temperatures. By Day 15, between 50 largely due to analytical limitations because of the com-

plexity of the biosolids matrix. As sensitive analyticaland 60% of NP was degraded for composts treated at

Fig. 6. Removal of nonylphenol (NP) during aerobic composting of biosolids (BS) mixed with wood shavings (WS) at different ratios and
different incubation temperatures.
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activated sludge sewage treatment plants and in a receiving riverinstruments such as liquid chromatography–mass spec-
water. Environ. Sci. Technol. 34:5059–5066.trometry and gas chromatography–mass spectrometry

Beck, A.J., D.L. Johnson, and K.C. Jones. 1996. The form and bioavail-
become more available and widely used, more PPCPs ability of non-ionic organic chemicals in sewage sludge-amended
are expected to be identified and quantified in biosolids. agricultural soils. Sci. Total Environ. 185:125–149.

Berset, J.-D., P. Bigler, and D. Herren. 2000. Analysis of nitro muskThe few published investigations on the mobility and
compounds and their amino metabolites in liquid sewage sludgestransport of PPCPs in biosolids-amended soils suggest
using NMR and mass spectrometry. Anal. Chem. 72:2124–2131.that land application of biosolids can be a major route Bhargava, H.N., and P.A. Leonard. 1996. Triclosan: Applications and

through which some PPCPs enter the environment. safety. Am. J. Infect. Control 24:209–218.
Boxall, A.B.A., P. Blackwell, R. Cavallo, P. Kay, and J. Tolls. 2002.However, no information is available on how closely

The sorption and transport of a sulphonamide antibiotic in soilthe concentrations of PPCPs in the environmental me-
systems. Toxicol. Lett. 131:19–28.dia are related to the land application of PPCP-con-

Braekevelt, E., S.A. Tittlemier, and G.T. Tomy. 2003. Direct measure-
taining biosolids. Although the characteristics of envi- ment of octanol-water partition coefficients of some environmen-
ronmental behavior of PPCPs may be unique because tally relevant brominated diphenyl ether congeners. Chemosphere

51:563–567.of their close association with biosolids, existing envi-
Bromine Science and Environmental Forum. 2004. Home page [On-ronmental behavior models for many well-studied in-

line]. Available at www.bsef.com/ (verified 23 Aug. 2004). BSEF,dustrial compounds and agricultural pesticides should Brussels.
be tested on PPCPs of interests. More importantly, the Buser, H.-R., T. Poiger, and M.D. Müller. 1999. Occurrence and
direct effect of land application of PPCP-containing bio- environmental behavior of the chiral pharmaceutical drug ibupro-

fen in surface waters and in wastewater. Environ. Sci. Technol.solids on organisms in the environment has not been
33:2529–2535.thoroughly investigated. Without detailed information

Büyüksönmez, F., R. Rynk, T.F. Hess, and E. Bechinski. 1999. Occur-on these issues, assessment of environmental conse- rence, degradation, and fate of pesticides during composing. I.
quence of land application of PPCP-containing biosolids Composting, pesticides, and pesticide degradation. Compost Sci.
is a difficult task. Util. 7:66–82.

Calamari, D., E. Zuccato, S. Castiglioni, R. Bagnati, and R. Fanelli.To prevent PPCPs from entering the environment,
2003. Strategic survey of therapeutic drugs in the rivers Po andthere is an urgent need to document effective waste-
Lambro in northern Italy. Environ. Sci. Technol. 37:1241–1248.water and biosolids treatment techniques. A thorough un- Clariant. 2004. Flame protection and flame retardants [Online]. Avail-

derstanding of transformation mechanisms of PPCPs is able at www.flameretardants-online.com/index.htm (verified 23
Aug. 2004). Clariant, Muttenz, Switzerland.the foundation for developing better treatments. Com-

Colucci, M.S., and E. Topp. 2001. Persistence of estrogenic hormonesposting can effectively remediate many xenobiotic or-
in agriculture soils: II. 17�-ethynylestradiol. J. Environ. Qual. 30:ganic contaminants. Recent pilot-scale composting results
2077–2080.suggest that nonylphenol, a metabolite of surfactants Covaci, A., S. Voorspoels, and J. de Boer. 2003. Determination of

commonly used in detergents, can be effectively degraded brominated flame retardants, with emphasis on polybrominated
diphenyl ethers (PBDEs) in environmental and human samples—Aduring biosolids composting. Composting may be effective
review. Environ. Int. 29:735–756.in removing many other PPCPs in biosolids as well.

Daughton, C.G., and T.L. Jones-Lepp. 2001. Pharmaceuticals and
personal care products in the environment: Scientific and regula-ACKNOWLEDGMENTS tory issues. Symp. Ser. 791. Am. Chem. Soc., Washington, DC.

Daughton, C.G., and T.A. Ternes. 1999. Pharmaceuticals and personalThe authors wish to thank Mr. Gene Weeks of the Depart-
care products in the environment: Agents of subtle changes? Envi-ment of Crop and Soil Sciences at the University of Georgia
ron. Health Perspect. 107:907–938.for sample collection. We appreciate the assistance from the

De Boer, J., P.G. Wester, A. Van der Horst, and P.E.G. Leonards.staff members at the 13 WWTPs mentioned in this paper.
2003. Polybrominated diphenyl ethers in influents, suspended parti-
cles matter, sediments, sewage treatment plant and effluents and

REFERENCES biota from the Netherlands. Environ. Pollut. 122:63–74.
Difrancesco, A.M., P.C. Chiu, L.J. Standley, H.E. Allen, and D.T.Adolfsson-Erici, M., M. Pettersson, J. Parkkonen, and J. Sturve. 2002.

Salvito. 2004. Dissipation of fragrance materials in sludge-amendedTriclosan, a commonly used bactericide found in human milk and
soils. Environ. Sci. Technol. 38:194–201.in the aquatic environment in Sweden. Chemosphere 46:1485–1489.

Dobbs, R.A., L. Wang, and R. Govind. 1989. Sorption of toxic organicAlder, A.C., C.S. McArdell, E.M. Golet, S. Ibric, E. Molnar, N.S.
compounds on wastewater solids: Correlation with fundamentalNipales, and W. Giger. 2001. Occurrence and fate of fluoroquino-
properties. Environ. Sci. Technol. 23:1092–1097.lone, macrolide, and sulfonamide antibiotics during wastewater

European Federation of Pharmaceutical Industries and Associations.treatment and in ambient waters in Switzerland. p. 56–69. In C.G.
2003. The pharmaceutical industry in figures: 2003 update [Online].Daughton and C.G. Jones-Lepp (ed.) Pharmaceuticals and per-
Available at www.efpia.org/6_publ/Infigures2003.pdf (verified 23sonal care products in the environment: Scientific and regulatory
Aug. 2004). EFPIA, Brussels.issues. Symp. Ser. 791. Am. Chem. Soc., Washington, DC.
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